Introduction
Th cells are crucial in maintaining humoral and cytotoxic immune responses. In HIV-1 infection, the ability to detect HIV-1 Gag-specific CD4 + T cells correlates with reduced plasma viremia, which supports the role of Th cells in immune defense against HIV-1 infection (1). However, in most persons with HIV-1 infection, CD4 + T-cell number is diminished and antigen-specific Th function is impaired (2) (3) (4) . CD4 + T cells secreting IFN-γ in vitro in response to HIV-1 Gag may be found in HIV-1-infected subjects (5) , but the frequency of these cells during chronic HIV-1 infection and prolonged treatment do not approach those recognizing other viral antigens such as cytomegalovirus (CMV). Moreover, detection of HIV-1-specific Th memory cells by lymphoproliferation to HIV-1 antigens in vitro is uncommon (6) , except in persons with long-term nonprogressive infection and those receiving potent combination therapy, particularly early in infection (1, 7) . Even among early-treated patients, we have noted variability in the magnitude and durability of their HIV-1-specific Th responses, which are primarily directed to Gag epitopes (7) . The interval between infection and initiation of treatment and the level of viral suppression are potential factors that may determine the maintenance of Th responses. However, the extent to which these and other factors contribute to the persistence of Th responses have not been delineated.
Host genetic factors influence disease progression, including genetic polymorphisms within the HLA class I and II loci, genes encoding transporters associated with antigen processing (TAPs), and the chemokine receptors that serve as HIV-1 coreceptors (8) (9) (10) (11) (12) (13) (14) (15) . MHC class II molecules specifically present antigen to CD4 + Th cells, and the genes encoding them are extremely polymorphic, particularly in the peptide-binding groove. This renders them highly specific in the epitopes they bind. In a study of 375 seroconverters aggregated from three cohorts, HLA DRB1*13-DQB1*06 was the only class II haplotype associated with a trend toward increased duration of AIDS-free time (9) . In addition, inheritance of DRB1*13 alleles has been associated with long-term survival among children with vertically transmitted HIV-1 infection (11) . Thus, the properties of class II molecules, and particularly HLA DRB1*13-DQB1*06, influence HIV-1 disease outcome. However, the role of HLA DRB1*13-DQB1*06 and other class II molecules in shaping virologic and immunologic responses among subjects receiving antiretroviral therapy is not Role for HLA class II molecules in HIV-1 suppression and cellular immunity following antiretroviral treatment known. We investigated previously the effects of early antiretroviral therapy in patients with newly diagnosed HIV-1 infection. We observed a preponderance of DRB1*13-DQB1*06 among subjects with the most robust and sustained HIV-1-specific Th1 responses. Based on these findings and the established critical role of CD4 + Th function in HIV-1 infection, in this investigation we hypothesized that HLA class II polymorphisms may influence virologic and HIV-specific Th responses in early-treated patients. Thus, we conducted a prospective longitudinal analysis in 21 patients with early HIV-1 infection receiving combination antiretroviral therapy to investigate the association of DRB1*13-DQB1*06 (and other HLA class II haplotypes present in four or more subjects) with viral suppression and rebound, CD4 + T-cell counts, and HIV-1 Gag-specific T-cell responses. Our findings indicate that maintenance of durable virus suppression and HIV-specific Th response among early-treated patients is linked to inheritance of the DRB1*13-DQB1*06 haplotype and the use of these molecules in HIV-1 antigen presentation.
Methods
Study population. Twenty-one adults with early HIV-1 infection were recruited and enrolled by clinicians at the University of Washington (UW) Primary HIV Infection Clinic between 1996 and 1998. The UW Human Subject Review Board approved all aspects of the investigation. Details for study eligibility have been reported previously (7) . The duration of infection was defined as the time since the onset of signs and/or symptoms, suggestive of acute retroviral syndrome. In the absence of signs and/or symptoms the duration of infection was estimated as the midpoint between previously documented negative enzyme immunoassay (EIA) results within the past 180 days and the recent positive confirmatory test. The subjects received open-label therapy with 800 mg indinavir administered by mouth every 8 hours, 200 mg zidovudine administered by mouth every 8 hours (or stavudine), and 150 mg lamivudine administered by mouth twice a day immediately after diagnosis of infection. They underwent clinical evaluation and venipuncture for virological studies weekly for the first month and then every 4 weeks for 1 year. Anticoagulated blood for immunological studies was obtained one to two times before treatment and then approximately every 1-3 months thereafter.
Eighteen HIV-1-infected patients with long-term nonprogressive disease were recruited through the UW AIDS Vaccine Evaluation Unit and followed at every 3-to 6-month intervals. Subjects were categorized as long-term nonprogressors according to the following criteria: HIV-infected for greater than or equal to 10 years in the absence of antiretroviral therapy, no history of opportunistic infections, two base-line CD4 counts, either both above 600 cells/mm 3 or greater than 500 cells/mm 3 , with an upward sloping trend.
Additionally, the CD4 count must never have dropped below 500 cells/mm 3 .
Virological and T-cell subset analyses. Plasma HIV-1 RNA was determined by quantitative branched-DNA assay (bDNA; Chiron Corp., Emeryville, California, USA) and ultrasensitive RT-PCR assay (Roche Molecular Systems, Branchburg, New Jersey, USA). Levels were expressed as copies per milliliter, and the lower levels of sensitivity were 500 copies/ml (bDNA assay) and 50 copies/ml (RT-PCR assay) (16) . We report viral levels measured by the bDNA assay when there are more than 500 copies/ml and by the ultrasensitive RT-PCR assay when the bDNA assay was less than or equal to 500 copies/ml. Absolute blood CD4 + T-cell count was measured by consensus flow-cytometry methodology (17) .
HLA typing. Class I alleles at the A and B loci and class II alleles at the DRB1 and DQB1 loci were identified by the PCR, using sequence-specific primers (SSP) (Micro SSP DNA Typing Kit; One Lambda Inc., Canoga Park, California, USA). These assays were performed according to the manufacturer's instructions by the Puget Sound Blood Center Immunogenetics Laboratory (Seattle, Washington, USA).
Lymphocyte proliferation assays. Lymphocyte proliferation assays (LPA) were performed as described previously (7). In brief, fresh PBMCs suspended in RPMI with 10% heat-inactivated human serum (R-10 HS; Biocell Laboratories Inc., Rancho Dominguez, California, USA), L-glutamine (1 mM), penicillin (100 U/ml), and streptomycin (100 µg/ml), were plated at 10 5 cells/well in 96-well round-bottomed plates. Quadruplicate wells contained no antigen, 5 µg/ml baculovirus-expressed recombinant HIV-1 LAI p24, and 0.15 µg/ml baculovirus control protein (Protein Sciences Inc., Meriden, Connecticut, USA). On day 6, 1 µCi of 3 H-thymidine (NEN Life Science Products Inc., Boston, Massachusetts, USA) was delivered to each well, and cells were washed and harvested 18 hours later. Radioactive thymidine incorporation was measured using a Packard TopCount (Packard Instrument Inc., Meriden, Connecticut, USA) and expressed as cpm. The stimulation index (SI) was calculated as the mean cpm of stimulated cultures divided by mean cpm of unstimulated cultures. Responses with both SI > 4.0 and mean cpm > 2,000 were considered positive, based on comparisons in our laboratory with in vitro lymphoproliferation to these proteins by PBMCs from HIV-uninfected controls. Positive responses typically were in the range of 5,000 to 50,000 cpm.
Analysis of cytokine production. PBMCs were incubated at 2 × 10 6 cells/ml in 24-well plates in the presence of HIV-1 LAI p24 (5 µg/ml) or baculovirus control protein (0.15 µg/ml) (Protein Sciences Inc.). Secretion of IFN-γ in cell-culture supernatants harvested after 6 days was measured with ELISA (Endogen Inc., Woburn, Massachusetts, USA), according to the manufacturer's instructions. All samples, standards, and controls were run in duplicate, and the lower limit of detection of the assay was 0.4 pg/ml.
Synthetic HIV-1 peptides. Synthetic 20-mer peptides overlapping by 10 amino acids (aa) and corresponding to gene products from the HIV-1 subtype B (HXB2) were obtained through the NIH AIDS Research and Reference Reagent Program (Bethesda, Maryland, USA). The 10-and 11-mer peptide truncations for fine mapping of epitopes and a panel of 100 overlapping peptides, 15 aa in length and overlapping by 4 aa, spanning the entire HIV-1 p24 (HXB2) for use in the enzyme-linked immunosorbent spot (ELISPOT) assay, were synthesized by Chiron Corp. The peptides were reconstituted at a concentration of 2 mg/ml in 100% DMSO (Sigma Chemical Co., St. Louis, Missouri, USA) and were used at a final concentration of 5 µg/ml unless stated otherwise.
CD4 + T-cell cloning, epitope mapping, and cytotoxic T-lymphocyte activity. Freshly isolated PBMCs suspended in R-10 HS were incubated at 4 × 10 6 cells/ml in 24-well plates for 14 days in the presence of 5 µg/ml HIV-1 LAI p24. After day 6, the wells were provided with fresh media and recombinant IL-2 (Chiron Corp.) at a final concentration of 10 U/ml twice weekly. On day 14, CD4 + T cells were positively selected using anti-CD4 Ab-coated microbeads (Miltenyi Biotec, Auburn, California, USA). Cells were plated at 0.5 cells/well in round-bottomed 96-well plates with γ−irradiated allogeneic PBMCs (50,000 cells) and Epstein-Barr virustransformed (EBV-transformed) B-lymphoblastoid cell lines (B-LCL) (10,000 cells) feeders, 30 ng/ml OKT3 (Ortho Diagnostic System, Raritan, New Jersey, USA), and 50 U/ml recombinant IL-2 in a total volume of 200 µl for 2 weeks. Fresh medium and IL-2 were provided on day 7. Cells demonstrating growth after 2 weeks were screened for HIV-1 p24 antigen-specific proliferation in a thymidine-incorporation assay, as described above, and wells containing HIV-1-specific proliferation were expanded into CD4 + T-cell clones (18) . Epitope mapping and specific HLA restriction analyses were performed using autologous or HLA-mismatched allogeneic B-LCL pulsed with Gag p24 and overlapping 20-mer peptides as stimulator cells.
Clones were screened for HIV-1-specific cytotoxic Tlymphocyte (CTL) activity using a 51 Cr-release assay (7) against autologous EBV-transformed B-LCLs pulsed with the whole protein and the recognized peptide at an effector-to-target (E/T) ratio of 20:1. Results were expressed as percentage of specific lysis, determined as (mean experimental cpm -mean spontaneous cpm)/(mean maximal cpm -mean spontaneous cpm) × 100. Spontaneous lysis was less than 20% of maximal lysis.
Ab blocking of proliferation. Monoclonal Abs L243, B7/221, and SPV-L3, recognizing HLA-DR, -DP, and -DQ framework determinants, respectively, were used in blocking experiments as described previously (19) . The supernatants were generated from hybridoma cell lines secreting L243, B7/221 (American Type Culture Collection, Rockville, Maryland, USA), and SPV-L3 (provided by H. Yssel, DNAX Research Institute, Palo Alto, California, USA) and used at 1:4 final dilution. These concentrations inhibit proliferation of CD4 + T-cell clones restricted at relevant class II loci by greater than 80% and at irrelevant HLA by less than 15%.
Affinity purification of HLA-DR molecules. Class II molecules were purified by affinity chromatography, essentially as described previously (20) , using the mAb LB3.1 coupled to Sepharose CL-4B beads. Lysates were filtered twice through two precolumns of inactivated Sepharose CL-4B and protein A-Sepharose, and then passed over the anti-DR column. The anti-DR column was then washed with 10-column volumes of 10 mM Tris-HCl, pH 8.0, in 1% Nonidet P-40 (NP-40), PBS, 2-column volumes of PBS, and 2-column volumes of PBS containing 0.4% n-octylglucoside. Finally, DR molecules were eluted with 50 mM diethylamine in 0.15 M NaC1 containing 0.4% n-octylglucoside, pH 11.5. A 1/25 volume of 2.0 M Tris, pH 6.8, was added to the eluate to reduce the pH to approximately 8.0. The eluate was then concentrated by centrifugation in Centriprep 30 concentrators (Millipore Corp., Bedford, Massachusetts, USA).
Class II peptide-binding assays. Peptide-binding assays were performed as described previously (21, 22) . Specifically, purified human HLA class II molecules (5-500 nM) were incubated with various unlabeled peptide inhibitors and 1-10 nM 125 I-radiolabeled probe peptide for 48 hours in PBS containing 0.05% NP-40 in the presence of a protease-inhibitor cocktail. The final concentrations of protease inhibitors (Calbiochem-Novabiochem International Inc., La Jolla, California, USA) were: 1 mM PMSF, 1.3 nM 1.10 phenanthrolene, 73 µM pepstatin A, 8 mM EDTA, 6 mM N-ethylmaleimide, and 200 µM N alpha-p-tosyl-L-lysine chloromethyl ketone (TLCK). Final detergent concentration in the incubation mixture was 0.05% NP-40. Assays were performed at pH 7.0, except for DRB1*0301 and DRB4*0101, which were performed at pH 4.5 and 5.0, respectively (22) . Class II peptide complexes were separated from free peptide by gel filtration on TSK200 columns (TosoHaas 16215; TosoHaas, Montgomeryville, Pennsylvania, USA) and the fraction of bound peptide calculated as described previously (22) .
Radiolabeled peptides were iodinated using the chloramine-T method (22) . The radiolabeled probe peptides used were HA Y307-319 (sequence YPKYVKQNTLKLAT; DRB1*0101), TT 830-843 (sequence QYIKANSKFIGITE; DRB5*0101, DRB1*1101, DRB1*0701, DRB1*0802, DRB1*0901), MBP Y85-100 (sequence PVVHFFKNIVTPRTPPY; DRB1*1501), MT 65 kDa Y3-13 with Y7 substituted with F (sequence YKTIAFDEEARR; DRB1*0301), a non-natural peptide (peptide 717.01, sequence YARFQSQTTLKQKT; DRB1*0401, DRB1*0405), a non-natural peptide (peptide 717.10, sequence YARFQRQTTLKAAA; DRB4*0101), a naturally processed peptide (sequence EALIHQLKINPYVLS) (21, 23) of unknown origin eluted from a DRB1*1201 + C1R cell line, integrin β3 Y24-37 (sequence YAWAS-DEALPLGSPR; DRB3*0101) (24) , and an S836→A analog of TT 830-843 (sequence QYIKANAKFIGITE) for DRB1*1302.
In preliminary experiments, each DR preparation was titered in the presence of a fixed amount of the appropriate radiolabeled peptide to determine the concentration of class II molecules necessary to bind 10-20% of the total radioactivity. All subsequent inhibition and direct-binding assays were performed using these class II concentrations. Inhibitor peptides were tested typically at concentrations ranging from 120 µg/ml to 1.2 ng/ml in two to four completely independent experiments. Under conditions where [ IFN-γ ELISPOT assay. Cryopreserved PBMCs obtained 24 weeks after treatment were incubated in R-10 HS at 4 × 10 6 cells/ml in 24-well plates for 14 days in the presence of 5 µg/ml HIV-1 LAI p24. After day 6, the wells were provided with fresh media and recombinant IL-2 (Chiron Corp.) at a final concentration of 10 U/ml twice weekly. On day 14 cells were plated in 96-well hydrophobic PVDF-backed plates (Millipore Corp.) previously coated with 50 µl of 10 µg/ml anti-IFN-γ mAb (1-D1K, mouse IgG1; Mabtech AB, Nacka, Sweden) overnight at 4°C. Cells were added to the wells at 2 × 10 4 cells/well in 100 µl of R10 in duplicate. HIV-1-specific peptides and control peptides (pool of 5 irrelevant peptides derived from actin and a highly conserved region of HLA class I α-chain precursor) were added to the wells at a final concentration of 2 µg/ml. Cells stimulated with control peptides served as the positive control. Plates were incubated overnight (16-20 hours) at 37°C in 5% CO 2 , washed with PBS-T (PBS + 0.05% , and incubated at room temperature for 2 hours with biotinylated anti-IFN-γ mAb at 1 µg/ml (7-B6-1, mouse IgG1; Mabtech AB). The avidin-biotinylated enzyme complex (ABC) from the Vectastain ABC Elite Kit (PK-6100;Vector Laboratories, Burlingame, California, USA) was added at room temperature for 1 hour, followed by the Vectastain AEC peroxidase substrate. Spot-forming cells (SFCs) were counted using Immunospot (Cellular Technology Ltd., Cleveland, Ohio, USA) and are expressed as SFCs per 10 5 input cells. The number of specific IFN-γ-secreting cells was calculated by subtracting the SFCs in the negative control wells. Responses were considered positive if the number of SFCs was greater than or equal to 20 SFCs per 10 5 cells after subtraction of SFCs in the negative control wells, and twofold those in the negative control wells. An estimate of the overall response to all epitopes within HIV-1 p24 was obtained from the total of SFCs after stimulation with 100 overlapping 15-mer peptides spanning the entire p24 region in four pools of 25 peptides each. Recognition of specific epitopes was identified by using a matrix of ten peptide pools each consisting of ten peptides such that any two pools had only one peptide in common between them.
Statistical methods. All class II haplotypes present in 4 or more subjects (DRB1*03, 04, 07, 11, and 13) were screened for association with virologic and immunologic responses. The Bonferroni test was used to adjust P values for multiple comparisons. Base-line viral loads and CD4 + T-cell counts were compared using t tests for differences in the means of the log-transformed values. Follow-up data were analyzed, taking into consideration all data points and using generalized estimating equations (GEE) (25, 26) to accommodate possible correlation due to repeated observations from the same individuals. Decay and growth slopes were calculated as the coefficient of the time variable in GEE regression models, and differences between groups were tested based on the significance of interaction of time with the covariate of interest. GEE allow us to make full use of all the longitudinal data collected, rather than just choosing specific time points for cross-sectional analysis. Adjustments for effects of chemokine receptor polymorphisms (∆-32 mutation and 59029 GG promoter polymorphism) was done in the analysis by including these as adjustment covariates of virologic and immunologic responses. Kaplan-Meier curves were used to describe the distribution of time until loss of viral suppression, and tests for differences in these survival functions were performed using both the log rank test and Fisher exact test.
Results
Study population. The study population consisted of 21 males (17 Caucasians, two African Americans, and two Hispanics) with early HIV-1 infection who enrolled and maintained follow-up in the open-label treatment trial consisting of indinavir, lamivudine, and zidovudine (or stavudine) for at least 24 weeks. The median duration of follow-up was 78 weeks (range 32-78 weeks). Two patients discontinued the study at 32 and 40 weeks, thus extended follow-up for these patients is not available. The mean age of the study participants was 31 years (range [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , and 95% of the patients experienced a symptomatic illness during acute infection. The median duration of infection at study entry was 43 days (range 9-137). The mean base-line plasma HIV-1 RNA was 4.471 log copies/ml and the mean CD4 + Tcell count was 651 cells/mm 3 .
The frequencies of HLA class II alleles in our study participants were broadly comparable with the allele frequencies in the US Caucasian population (data not shown). Thirty-three percent (7 of 21) of the patients had the HLA DRB1*13-DQB1*06 haplotype, which is higher but not significantly different (P = 0.266) from the reported frequency of 21% among US Caucasians (27) . Four of the seven patients inherited the DRB1*1302 allele, two inherited the DRB1*1301 allele, and one co-inherited DRB1*1302 and 1301 alleles.
As shown in Table 1 , the age, risk behavior, incidence of symptomatic infection, and the median time between acquisition of infection and study entry were comparable between the subjects stratified by the presence or absence of the DRB1*13-DQB1*06 haplotype. Compliance with the treatment regimen was similar among patients in each stratum, as determined by a clinician-administered questionnaire at each visit (data not shown). The initial mean (± SE) log 10 plasma HIV-1 RNA levels (copies/ml) measured before treatment were analogous among those with and without HLA DRB1*13-DQB1*06 (4.4 ± 0.89 and 4.5 ± 0.83, respectively; P = 0.802) ( Table 1 ). The initial mean (± SE) CD4 + T-cell counts were 718 (± 293) and 639 (± 187) cells/mm 3 among patients with and without HLA DRB1*13-DQB1*06, respectively (P = 0.462) ( Table 1) .
Class I alleles associated with slow disease progression, HLA B27 and B57, were uncommon in the study population (n = 0 and n = 1, respectively). It is of note that none of the subjects with the DRB1*13-DQB1*06 haplotype co-inherited these alleles, thus excluding the contributory effect of these alleles to the superior virologic and immunologic responses in these patients. Analysis of inheritance of gene-encoding transporters associated with antigen processing (TAP alleles) that facilitate peptide delivery to class I molecules was beyond the scope of this study but of interest in future studies.
Induction of viral suppression with antiretroviral therapy. Early treatment led to a reduction in plasma viremia to undetectable levels (<50 HIV-1 RNA copies/ml) in all patients, and this occurred at a median of 20 weeks. The sharpest decay in plasma viremia occurs typically during the first 4 weeks of treatment, and the viral load at the end of this time period may reflect long-term outcome (28) . Therefore, to determine if inheritance of the DRB1*13-DQB1*06 was associated with virologic response to therapy, we compared the mean log 10 plasma HIV-1 RNA levels (copies/ml) among the groups at the end of 4 weeks of therapy as well as the rate of decay over this time period. As shown in Table 1 , there were no significant differences in the plasma viral load at 4 weeks among the DRB1*13-DQB1*06-positive and -negative subjects (P = 0.577). The viral load decay measured over the first 4 weeks of therapy was also comparable among patients stratified by the presence or absence of the DRB1*13-DQB1*06 haplotype (P = 0.859) ( Table 1) . Similarly, no significant difference in the initial viral load or the plasma viral load decay was observed when patients were stratified by the presence or absence of other class II haplotypes present in four or more subjects (DRB1*03, 04, 07 and 11; data not shown). Thus, the initial viral load and induction of HIV-1 suppression with treatment were not associated with differences in inheritance of these HLA class II haplotypes.
Alterations in CD4 + T-cell counts following antiretroviral therapy. To determine if inheritance of HLA DRB1*13-DQB1*06 was associated with differences in CD4 + Tcell response to therapy, we stratified patients by inheritance of this haplotype and analyzed alterations in their CD4 + T cell counts over time. The mean CD4 + Tcell slopes using measurements between 0 and 18 months after treatment were comparable among all groups (P = 0.124, stratified by DRB1*13-DQB1*06 haplotype) ( Table 1 ). CD4 + T-cell counts measured over the treatment period rose in all patients, with a mean increase of 0.4 cells/mm 3 per day. After 18 months of therapy, no difference was observed in the CD4 + T-cell counts among patients stratified by the DRB1*13-DQB1*06 haplotype (Table 1) . Thus, improvement in CD4 + T-cell counts occurred with early therapy and was unrelated to the presence or absence of the DRB1*13-DQB1*06 haplotype. Similarly, improvement in CD4 + T-cell counts was unrelated to inheritance of other class II haplotypes described above (data not shown). Maintenance of viral suppression during combination antiretroviral therapy. Since detection of plasma HIV-1 RNA during treatment indicates ongoing viral replication and may predict long-term outcome (29) , patients were evaluated for their ability to maintain suppression of plasma viremia (<50 HIV-1 RNA copies/ml) after initial decay (Figure 1 ). Viral load measurements were obtained once a month during the first year and every 3 months thereafter over the period of study (18 months). These determinations were of comparable frequency among patients stratified by inheritance of the DRB1*13-DQB1*06 haplotype. Eleven patients experienced intermittent low-level plasma viremia (range 51-1200 HIV-1 RNA copies/ml) at a median of two time points (range 1-4) over the course of the study. It is of note that once viral suppression to less than 50 HIV-1 RNA copies/ml was achieved, all seven (100%) subjects with the DRB1*13-DQB1*06 haplotype maintained suppression at all time points for the duration of follow-up ( Figure  1 ). By contrast, only 3 of 14 (21%) without the DRB1*13 haplotype continued to maintain full suppression at 18 months (P = 0.002, log rank test; P = 0.001, Fisher exact test) (Figure 1) . Thus, subjects who inherit the DRB1*13-DQB1*06 haplotype appear to have more durable virologic responses to this combination antiretroviral regimen, which occurs independent of both base-line and early posttreatment viral load, and CD4 + T-cell count rises. By contrast, virologic suppression was comparable when patients were stratified by inheritance of DRB1*03, 04, 07, and 11 haplotypes (P = 0.66, 0.09, 1.0, and 0.3, respectively; Fisher exact test).
Factors associated with maintenance of HIV-1 Gag-specific T-cell proliferative responses. Before therapy, HIV-1 p24-specific lymphoproliferative responses were noted in PBMCs from only two patients. However, treatment was associated with induction of detectable HIV-1 p24-specific lymphoproliferative responses in all patients at varying time points (Figure 2 
Despite the detection of Gag-specific Th responses, there was a wide variation in the level of these responses. We first hypothesized that persons with consistently stronger responses may be those who initiated therapy very early after acute infection and that those who delayed treatment may have less robust responses. To test this possibility, we assessed the relationship between the posttreatment immune response (using measurements between 50 days and 18 months after treatment, adjusting for days of treatment) and the duration of infection before initiation of treatment (ranging from 9 to 137 days) employing GEE-type regression analysis. The unit change in log p24 SI for each additional day of infection before treatment was 0.0018 ± 0.0015 (P = 0.21) over the duration of followup. Thus, the magnitude of the HIV-1 p24-specific proliferative response during the posttreatment period did not depend upon the duration of infection before initiation of therapy.
We considered the possibility that inheritance of the HLA DRB1*13-DQB1*06 haplotype may be associated with the induction of stronger HIV-1 p24-specific proliferative responses. As shown in Figure 2 , patients with the DRB1*13-DQB1*06 haplotype (Figure 2a ) developed more vigorous and durable responses compared with those without the haplotype (Figure 2b ). Using all measurements between 50 days and 18 months after treatment, the mean p24 lymphoproliferative response
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Figure 1
Kaplan-Meier curves display the probability of maintaining plasma viremia at less than 50 copies/ml once viral suppression is achieved. Breakthrough viremia is the end point. Patients are stratified by the presence or absence of the DRB1*13-DQB1*06 haplotype. (SI) was 11.97 in the former group and 4.63 in the latter (P = 0.005) ( Table 2) . By contrast, the log p24 antigenspecific responses over time were comparable when patients were stratified by the inheritance of DRB1*03, 04, 07, and 11 haplotypes (P = 0.84, 0.87, 0.81, and 0.18).
Secretion of IFN-γ by HIV-1 Gag-specific T cells.
To determine if HIV-1 Gag-specific T-cell responses were associated with the secretion of antiviral cytokines, we stimulated PBMCs in vitro with HIV-1 p24 antigen and measured IFN-γ secretion in the culture supernatants. We have shown previously that CD4 + T cells are the predominant cells among PBMCs secreting IFN-γ after stimulation with the recombinant HIV-1 p24 soluble protein (7) . The levels of IFN-γ secretion from these cells after p24 antigen stimulation did not correlate with the duration of infection before commencing treatment (coefficient, 0.0078 ± 0.0051; P = 0.126). Thus, the overall magnitude of the Th response measured by proliferation and IFN-γ secretion was not dependent upon the rapidity of treatment initiation.
When results were stratified on the basis of inheritance of the DRB1*13-DQB1*06 haplotype, higher levels of IFN-γ secretion were observed in the DRB1*13-DQB1*06-positive subjects (mean of 43.4-fold over background) compared with levels in the DRB1*13-DQB1*06-negative subjects (1.5-fold over background, P < 0.001) (Table 2, Figure 3) . The levels ranged from 3.0 to 3,881 pg/ml in the DRB1*13-DQB1*06-positive subjects compared with 0-1703 pg/ml among the DRB1*13-DQB1*06-negative subjects.
Analysis of CD4 + T-cell clones from HLA DRB1*13-DQB1*06-positive subjects: epitope specificity, HLA restriction, cytokine secretion. To determine the epitope specificity and HLA restriction of the HIV-1 Gag-specific lymphoproliferative response, we established Gag-specific CD4 + T-cell clones from two subjects with the DRB1*13-DQB1*06 haplotype (patient 1291: DRB1*0701, 1302, and DQB1*02, 06; and patient 1243: DRB1*03011, 1301, and DQB1*02, 06). 
HLA DR-binding capacity of the Gag epitope region (aa 251-270).
To determine the affinity of Gag 26 (aa 251-270) to class II molecules, the binding capacity of the region was analyzed in detail to various HLA-DR molecules. The peptide bound to ten of the 12 DR molecules tested at an IC 50 < 1000 nM (median, 223 nM) (Figure 6a) . Moreover, the highest affinity binding (11 nM) was observed to the peptide's putative restriction element, DRB1*1302. Similar binding properties would be predicted for 1301 as for 1302, since the two molecules differ only at position 86 (glycine to valine change), and this does not appear to impact the binding capacity (30, 31) . Thus, the high-affinity binding to DRB1*13 may account for the strong Gag-specific Th responses in patients with the DRB1*13-DQB1*06 haplotype.
We sought to determine the contribution of the recognition of the peptide epitope regions, Gag 26 and Gag 30, to the overall Th response. PBMCs from four earlyinfected patients with the DRB1*13 haplotype were stimulated with HIV-1 p24 protein for 2 weeks and then tested for IFN-γ secretion by ELISPOT assay for recognition of these epitopes in comparison with the recognition of all other overlapping peptides spanning the p24 region. In all four subjects, responses were detected against one or both the epitope regions (Figure 6b) . The sum of the responses to the two epitope regions constituted 52-63% of the total response detected against all overlapping peptides spanning the p24 region ( Figure  6b ). These findings provide evidence that T cells recognizing these epitope regions constitute the majority of the total response to the p24 region.
HLA DRB1*13 frequency and HIV-1 Gag-specific responses among long-term nonprogressors. To assess whether subjects with the DRB1*13 haplotype may more effectively control viral replication and have slower disease progression in the absence of antiretroviral therapy, our evaluation was extended to a separate study population of HIV-1-infected long-term nonprogressors (LTNPs). It is of note that 9 of 18 (50%) LTNPs inherited the DRB1*13-DQB1*06 haplotype, a frequency higher than the 21% observed in the general population (P = 0.012). The median duration of follow-up was 18 months (range 2-30 months). Lymphoproliferative assays (median of 3; range 2-7) were performed in 17 patients over the course of follow-up (1 of the 18 subjects discontinued the study after enrollment). When
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The patients were stratified based on inheritance of the DRB1*13 haplotype, the duration of follow-up and the frequency of assays were comparable in both groups. As shown in Figure 7 , those with the DRB1*13 haplotype exhibited more vigorous HIV-1 p24-specific lymphoproliferative responses compared with those without the haplotype (SI = 14.15 vs. 3.83, P = 0.0037, comparing log SI of all measurements). These data suggest that the haplotype is associated with superior immunologic responses among subjects who exhibit delayed HIV-1 disease progression in the absence of therapy.
Discussion
Initiation of aggressive antiretroviral treatment during early infection, rather than after disease progression, preserves HIV-1-specific Th responses in conjunction with suppression of plasma viremia (1, 32, 33 ). Yet it remains unclear how soon treatment must be initiated to achieve this result. Surprisingly, we observed similar rates of plasma virus decay and detection and maintenance of HIV-1-specific Th activities regardless of when treatment was instituted, which ranged from 9 to 137 days from acquisition of HIV-1 infection. This suggests that postponing therapy for a few weeks after diagnosis of acute HIV-1 infection may be less critical in maintaining the repertoire of antigen-specific CD4 + T cells. While the early virologic responses to therapy were similar, maintenance of suppression of viremia and HIV-specific T-cell help varied over the subsequent months in this study group, and our results indicate that other host factors become important in sustaining these responses. In particular, patients who inherit HLA DRB1*13-DQB1*06 have a greater likelihood of controlling HIV-1 replication, consistently exhibiting less than 50 HIV-1 RNA copies/ml in plasma and maintaining Gag-specific CD4 + Th activities throughout the study period. Most patients instituted therapy before reaching their viral set point, which may explain in part why any association between the inheritance of the DRB1*13-DQB1*06 haplotype and the initial pretreatment viral load was not detected. The differences in virus suppression among patients stratified by inheritance of DRB1*13-DQB1*06 are unlikely to relate to emergence of drug-resistant strains in those lacking this haplotype, since detection of viremia was transient and did not require changes in the treatment regimen (34) . Medication adherence and the frequency of viral load measurements were comparable in both groups of patients, hence the difference in virus suppression was not attributable to these factors. In future studies, it will be important to determine if the maintenance of plasma HIV-1 suppression in association with inheritance of the DRB1*13-DQB1*06 haplotype extends to substantial lowering of HIV-1 reservoirs in resting CD4 + T cells and other target cells.
Based on our results, the superior virus suppression in subjects with the DRB1*13-DQB1*06 haplotype is best explained by effective control of viral replication through sustained T-cell help. Despite initiation of therapy early in infection, our patients demonstrated considerable variability in the magnitude and the durability of Gag-specific CD4 + T-cell responses over time. Inheritance of the HLA DRB1*13-DQB1*06 haplotype was the host factor most strongly predictive of these helper activities. After stimulation with HIV-1 p24 antigen, PBMCs from patients with this haplotype demonstrated robust lymphoproliferation and secreted high levels of IFN-γ, suggesting a Th1-type cytokine profile. Thus, based on these findings, we hypothesize that sustained levels of HIV-specific CD4 + T cells in patients inheriting HLA DRB1*13-DQB1*06 may control small bursts of HIV-1 replication, and this may occur through release of antiviral cytokines and maintenance of help for cytotoxic responses. This is consistent with the general paradigm that T-cell help is critical in controlling viral infections, including HIV-1 (18, (35) (36) (37) .
The association of DRB1*13-DQB1*06 with improved virologic responses and slower disease progression suggests that the molecular interaction of these class II molecules and their cognate HIV-1 epitopes with the CD4 + T-cell receptor (TCR) may be more efficient in stimulating T-cell help, which is supported by the following line of evidence. The Gag 251-270 peptide, recognized by T-cell clones from patients with persistently strong CD4 + T-cell responses, binds with high affinity to its restricting element, DRB1*13. Highaffinity binding generally correlates with an increased density of peptide-MHC complexes on the antigen-presenting cell and an increased duration of TCR signaling. These are essential mechanisms for CD40L upregulation, which then preferentially induces Th1 responses (38) (39) (40) (41) . In addition, high-affinity binding leads to superior immunogenicity, hence eliciting stronger lymphoproliferation and a more robust CD4 + T-cell response. Thus, naive T cells differentiating from the high-affinity interaction in subjects with the DRB1*13-DQB1*06 haplotype may evolve predominantly into CD4 + T cells producing high levels of Th1 cytokines and demonstrating higher p24-specific lymphoproliferative responses. Importantly, the highly avid epitope binding to DRB1*13 may be sufficient to sustain strong Gag-specific T-cell help in the setting of combination antiretroviral therapy, despite lower levels of HIV-1 antigen as a result of markedly reduced viral replication. Hence, the memory immune response may more effectively curtail viral replication in these subjects with the DRB1*13-DQB1*06 haplotype.
High-affinity binding of Gag 251-270 peptide was also observed for DRB1*01 ( Figure 6 ). We predict these patients may also develop robust Th1 responses. In this study, however, the number of patients with this haplotype was too small to examine this hypothesis. It is of note that binding studies were performed with the DRB1*1302 allele, but not with the DRB1*1301 allele, due to lack of availability of purified DRB1*1301 molecules. However, the two alleles differ only by the presence of glycine (*1302) or valine (*1301) at position 86 of the DRβ chain. DRB1*0401 and 0404 also differ from each other by the presence of glycine or valine at position 86 and yet demonstrate similar binding capac- ity to Gag 251-270 peptide. Thus, our data would predict similar avid binding for the DRB1*1301 allele as observed for the 1302 allele. Also, strong HIV-1-specific proliferation and IFN-γ responses were detected in patients with either DRB1*1301 or DRB1*1302 alleles.
Our hypothesis that persons inheriting DRB1*13-DQB1*06 may more effectively control HIV-1 infection is further supported by findings in other cohort studies. For example, the DRB1*13-DQB1*06 haplotype was found in 50% (9 of 18) of patients with untreated, long-term nonprogressive infection enrolled in our longitudinal study. This frequency is significantly higher than the 21.6% reported previously (27) in the US Caucasian population (P = 0.012). In addition, PBMCs from LTNPs with the DRB1*13 haplotype showed significantly higher p24-specific Th responses (P = 0.0037). The haplotype was recently reported to be the only DRB1-DQB1 haplotype that showed a trend for independent association with protection against development of AIDS (P = 0.07) (9) . In a multicenter cross-sectional study, 36.7% of 30 children surviving more than 8 years had one or more of the HLA-DR13 alleles, versus none of 14 rapidly progressing children who died within 2 years (P = 0.009, Haldane RR = 17.1) (11) . These data suggest that the haplotype influences disease progression among both treated and untreated patients.
Besides the HLA DRB1*13 haplotype, other class II haplotypes (DRB1*03, 04, 07, and 11) present in four or more subjects were analyzed for an association with the virologic or immunologic response to therapy. However, no significant difference in these responses was observed when patients were stratified by inheritance of these haplotypes. Genes encoding polymorphisms in the CCR5 coreceptor reported to be associated with slower disease progression (CCR5 ∆32 allele or 59029 G/G promoter polymorphism) were also analyzed, but did not account for the observed difference in the virologic and immunologic responses among those with and without the DRB1*13 haplotype. AIDSfree time in HIV-1 infection has also been related to inheritance of numerous class I alleles, alone or in conjunction with transporter protein variants. Since we did not examine polymorphisms in TAP (42), we cannot exclude the influence of these on the virological and immunological responses in our study. However, it is of note that none of the patients with the DRB1*13-DQB1*06 haplotype co-inherited the B27 or the B57 allele. Thus, the protective effects of DRB1*13-DQB1*06 haplotype in our study appeared to be independent of the effect of other HLA class I alleles associated with slow disease progression (43, 44) . Alleles associated with rapid disease progression, A24 (10), DRB1*12-DQB1*03 (9) , and homozygosity at alleles A and B (12) were present in only small numbers of patients in our group (n = 1-2) and could not be assessed conclusively in our study.
We defined two DRB1*13-restricted epitopes within the aa 251-270, one of which (aa 261-270) overlapped with a 22-mer (aa 263-284) reported previously to be recognized in two LTNPs (1) . HLA-restriction data was not reported in that study, therefore it cannot be said conclusively whether the epitope was the same as that defined in our study. It is of note that HLA-binding studies to aa region 251-270 revealed that this area may be promiscuous in its binding to various DRB1, 3, 4, and 5 alleles. The Gag peptide spanning aa 251-270 bound 10 of 12 of the most common DR types worldwide, with binding affinity below the 1,000-nM threshold associated previously with immunogenicity for HLA-DR-restricted epitopes (21) . These data suggest that direct immunization of subjects with non-DRB1*13 class II haplotypes with such a highly cross-reactive peptide may focus the immune response on a potentially protective epitope region and overcome inefficient liberation of the epitopic region from the whole protein.
A second DRB1*13 epitope region, aa 291-310, overlapped with previously described epitopes known to evoke in vitro T-cell proliferative responses in HIVinfected donors (45) (46) (47) . Notably, this region is located in a highly conserved epitope domain (aa 287-309) that has similar amino acid sequences in primary isolates of HIV-1 subtypes A to G (48) . It is structurally similar among HIV-1, simian immunodeficiency viruses (SIV), and feline immunodeficiency viruses (FIV) (49) . In addition, overlapping epitopes for cytotoxic T cells, helper T cells, and B cells were recently identified in mice immunized with this Gag 23-mer peptide (aa 287-309) (50) . These findings lend support for the potential broad utility of priming and boosting T-cell immunity by inserting these DRB1*13-restricting peptides in preventive as well as therapeutic vaccines.
In our study both DRB1*1301 and DRB1*1302 alleles were associated with superior virus suppression and HIV-1 p24-specific Th1 responses. The small
Figure 7
Lymphoproliferative stimulation indices to HIV-1 p24 region in 17 subjects with long-term nonprogressive disease, stratified by the presence or absence of the DRB1*13 haplotype. Each symbol represents the median of all measurements for an individual. The horizontal line represents the median for the group. patient numbers did not permit separate analysis of these alleles. The two alleles differ only by the presence of glycine (*1302) or valine (*1301) at position 86 of the DRβ chain, and there is a large overlap in the epitopes restricted by these alleles (31) . It remains possible that DRB1*13 is a marker for a linked gene that confers protection against HIV-1 disease progression, such as the DQB1*06 alleles or the HLA DRB3*0101 and *0301 with which the DRB1*1301 and 1302 alleles, respectively, are in strong linkage disequilibrium. We believe that this is less likely for two reasons. First, transcription of the DRB3 gene is at least fivefold lower than that of the DRB1 gene; hence, the contribution of the DRB3 gene product to the total expression of cell surface HLA-DR is minor (51) . Second, we were unable to define any DQ-restricted Gag epitopes among these patients.
It is notable that DRB1*1301 and 1302 alleles are associated with protection against other infectious diseases. Both alleles protect against persistent HBV infection (52) and against development of cervical carcinoma related to human papilloma virus (53) . DRB1*1302 is also associated with protection against severe Plasmodium falciparum malaria in Gambian children (54) . All the microorganisms associated with these diseases are complex, with numerous potential epitopes with different MHC restriction elements. Thus, our findings together with these just discussed, suggest that certain class II-restricted responses may be effective in protection against disease caused by these important pathogens and a crucial consideration in HIV-1 vaccine design.
In summary, this study provides evidence that inheritance of the HLA DRB1*13-DQB1*06 haplotype is associated with an improved therapeutic outcome in early-treated patients with HIV-1 infection. The haplotype may exert its protective effects by presenting crucial epitopes with avid class II binding in highly conserved regions of HIV-1 that may be potentially important targets for HIV-1 vaccines. It is likely that the more potent HIV-1-specific cellular responses observed in patients inheriting this haplotype contribute to improved control of the virus and do so even in the absence of therapy. Whether patients with the DRB1*13-DQB1*06 haplotype are suitable candidates for possible withdrawal of therapy remains to be clarified in future studies. We speculate that the strength of the Th1 response in addition to the HLA type may be important in the selection of patients for drug withdrawal and in the maintenance of viral suppression. Most importantly, genetic polymorphisms within the class II locus may play a dominant role in influencing disease progression even among those receiving aggressive antiretroviral therapy during acute infection.
